Variable-Valve Actuation (VVA) provides improvements in engine efficiency, emissions, and performance by changing the valve lift and timing as a function of engine operating conditions. Two-Step VVA systems utilize two discrete valve-lift profiles and may be combined with continuously variable cam phasing. Two-Step VVA systems are relatively simple, low cost and easy to package on new and existing engines, and therefore, are attractive to engine manufacturers.
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INTRODUCTION
Compromises inherent with fixed valve lift and timing have prompted engine manufacturers to consider Variable Valve Actuation (VVA) systems on sparkignited engines for many decades. These systems have good potential to meet future powertrain requirements for improved fuel economy, emissions, and performance [1, 2, 3, 4, 5, 6] . Unlike lean-burn Direct Injection Gasoline (DIG) technology, VVA does not require lean aftertreatment technology and is therefore significantly lower risk in the face of increasingly stringent emissions regulations [7] .
Continuously variable VVA systems vary the valve lift and timing continuously over the operating range and may be electro-hydraulically actuated [8] [9] [10] [11] [12] , electromagnetically actuated [13] [14] [15] [16] [17] [18] [19] [20] , or electro-mechanically actuated [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Most continuously variable VVA systems use Early-Intake-Valve-Closing (EIVC) as the primary strategy to reduce pumping work and improve fuel economy. However, these systems are relatively complex, costly, and difficult to package for high-volume production applications. Control of valve seating velocity, high power consumption, and speed limitations continue to present significant challenges for many continuously variable VVA systems [20, 31] .
Discrete Two-Step VVA systems represent a practical alternative to continuously variable systems due to the relative ease of application for a variety of valvetrain types. Two-Step VVA systems incorporate both a low lift cam (LLC) and a high lift cam (HLC). In general, the LLC is optimized for low speed operation and may provide some improvement in both part-load fuel economy and low-to-medium speed torque. The HLC may be independently optimized for peak power at rated engine speed. This can improve the classic tradeoff between low-speed low-load operation, and high-speed full-load operation. Overall, the optimization process must yield a balanced system that satisfies powertrain requirements for fuel economy, emissions, and performance. Two-Step systems are attractive to manufacturers because they may be configured for a variety of VVA strategies (eg; cylinder deactivation or valve deactivation, etc) using a common system architecture and component set. The ability to reconfigure Two-Step systems provides substantial flexibility to tune engine characteristics for high fuel economy, reduced cold start emissions, or high performance for sport/luxury applications.
The objectives of the current work are to identify leading VVA strategies for maximum benefits, understand how to optimize Two-Step VVA systems, and realistically quantify system benefits. Figure 1 shows the general approach to the problem used by Delphi. Through this process, the best mechanisms may be matched to the leading strategies to determine the most cost effective solutions. The primary issues surrounding Two-Step VVA system optimization include the following:
1. What are the optimum valve lift profiles and timing to improve fuel economy, performance, and emissions? 2. What are the benefits of cam phasing when combined with Two-Step VVA? 3. What are the benefits of optimized Two-Step VVA systems compared to continuously variable VVA systems? These issues, among others, are addressed in this work. Modeling results for both part-load and full-load operating conditions, and the drive cycle are presented. A comparison to fully flexible VVA, 3- Step VVA, and dual-independent cam phasing (only) is also shown.
ALTERNATIVE TWO-STEP VVA STRATEGIES
A variety of VVA strategies exist and many have been well documented in the literature [1, 2, 6] . Figure 2 shows intake valve lift profiles for four basic VVA strategies including Early-Intake-Valve-Closing (EIVC) [32] , LateIntake-Valve-Closing (LIVC) [33] , Late-Intake-ValveOpening (LIVO), and Variable-Max-Valve-Lift (VMVL) [34] . These strategies represent a different way to control the airflow into the engine and reduce pumping losses during gas exchange. By modulating the lift and timing of the intake valves using these strategies, non-throttled load control (NTLC) may be achieved with varying effects on engine operating characteristics. A summary of these effects is shown in Figure 3 . Overall, Early-Intake-Valve-Closing is the preferred VVA strategy for reduced pumping losses. Table 1 lists these VVA strategies and indicates primary benefits and applications. Two-Step VVA systems were first used in passenger cars in 1989 when Honda introduced the first VTEC engine [35, 36, 37, 38] . These early Two-Step applications were engineered to increase engine output for performance applications, such as the Honda Civic CRX [35] , the Acura NSX [39] , and the Honda S2000 [40] . To achieve this, the low lift cam (LLC) profile was chosen to maximize low to medium speed torque, and the high lift cam (HLC) profile was chosen to maximize peak power. When a higher specific output is desired, a higher engine speed than that required by the conventional engine is required. In addition to performance improvements, Two-Step VVA may be applied on passenger car engines to reduce engine displacement at equal performance (downsizing) for improved fuel economy [36] . This approach was implemented at Subaru [41] and Mitsubishi [42] . While early systems did not include cam phasing, more recent versions of the systems do [43] [44] [45] [46] [47] . Cylinder deactivation (CDA) is another Two-Step VVA strategy [48] [49] [50] that has recently seen renewed interest (see Table 1 ). CDA is a well-known technique to unthrottle the active cylinders of an engine operating at part throttle and reduce overall pumping losses. In this strategy, the Two-Step valvetrain is applied to both intake and exhaust valves of the deactivated cylinders and the LLC profile is simply the base circle (zero valve lift). Due to higher load factors for the active cylinders, this strategy may result in increased NOx emissions.
Valve deactivation (VDA) is a third Two-Step VVA strategy used on more recent Honda VTEC engines (see Table 1 ). In this strategy, the lift of one intake valve is greatly reduced while the other intake valve operates at full lift or moderate lift. Both Two-Step versions [51, 52] and 3-Step versions [53] have been implemented with the objective of inducing in-cylinder swirl for extended dilution limits and reduced pumping losses. For cold start operating conditions, in-cylinder swirl results in enhanced combustion rates enabling leaner air-fuel ratios for reduced HC emissions [52] .
An alternative to the Two-Step VVA strategies listed in Table 1 is a new strategy that combines Two-Step cam profile switching with Early-Intake-Valve-Closing (EIVC). Two-Step EIVC is a preferred strategy for improved fuel economy with the goal of providing most of the fuel economy benefit of continuously variable systems at a fraction of the cost. Two-Step EIVC is the focus of the current investigation. A summary of EIVC and a system description are presented in the following sections.
EIVC OVERVIEW
For the current investigation, Two-Step EIVC has been chosen as the preferred strategy to improve part-load fuel economy. In this section, the EIVC process and the impact on the engine thermodynamic cycle will be reviewed in more detail.
A typical family of valve-lift profiles for EIVC is shown in Figure 4 . As engine load and airflow is decreased, valve lift and duration are reduced and the timing of intake valve closing (IVC) is advanced. Note that for the classic EIVC strategy, the timing of intake valve opening (IVO) remains constant. For four-valve-per-cylinder applications, generally, both intake valves would have identical lift and timing; however, similar approaches with differential lift and/or timing may be used to generate some in-cylinder swirl. At the beginning of the intake stroke, the intake pressure of the throttled engine drops to low levels, resulting in a large pumping loop. Alternately, the EIVC engine operating at reduced intake valve lift and duration is nearly completely unthrottled. After early closing of the intake valve, the cylinder undergoes isentropic decompression and recompression at a lower effective compression ratio (ECR). The result is greatly reduced pumping work as shown in Figure 5 . Due to the lower ECR for EIVC, average cycle pressure and temperature are reduced, and this contributes to lower heat losses and lower NOx emissions. Due to lower heat losses and other factors, EIVC may also favorably impact the indicated thermal efficiency of engines. This will be treated in a following section.
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The EIVC strategy can be very effective at reducing pumping losses of engines. Considering the simple ideal EIVC process, air is inducted into the cylinder just after top dead center (TDC) using a short duration, and infinitely high lift intake event. The engine is completely unthrottled and there is no pressure drop across the intake valves during induction. In the limit, all pumping losses are eliminated.
SYSTEM DESCRIPTION: TWO-STEP EIVC
Typical valve lift profiles for a Two-Step EIVC system are shown in Figure 6 . By properly switching between two intake lift profiles, the functionality of continuously variable EIVC systems can be approximated. In order to enhance benefits of the system, cam profile switching may be combined with intake and/or exhaust cam phasing. Components used to implement Two-Step VVA systems include a Two-Step roller finger follower (RFF), a control valve for actuating the Two-Step RFF, intake and exhaust cam phasers, and the control valves for actuating the cam phasers. These components are shown in Figures 7, 8, 9 , and 10, respectively. Each of these components is designed to integrate into modern four-valve-per-cylinder cylinder head layouts with minimal packaging changes (Type II valvetrain). The Two-Step RFF is a "drop in" replacement for existing roller finger followers. Because of these packaging advantages, the cost of integration of this Two-Step VVA system is low compared to other more complex VVA systems. An overall schematic of the system mechanization is shown in Figure 11 . The addition of intake and/or exhaust cam phasers in the system enables removal of the EGR valve. Also, electronic throttle control (ETC), as shown in Figure 11 , may be required for smooth mode transitions during transients. Components of the Two-Step EIVC system are used differently depending on engine operating conditions. The various operating modes of the system are shown in Figure 12 . For light to medium loads, the system would operate on the LLC and the intake phaser would be advanced for maximum dilution, minimum pumping losses, and low NOx emissions. Some friction benefit could be expected from operation on the LLC. Figure 12 . Operating Strategies for Two-Step EIVC For warm idle operating conditions, the system would also operate on the LLC but the intake phaser would be somewhat retarded. Improved idle stability and efficiency are expected relative to the conventional throttled engine.
For cold start operating conditions, the system would operate on the LLC but would utilize a Late-IntakeValve-Opening (LIVO) strategy with full intake phaser retard. This provides minimum dilution, high ECR, and high intake velocities. This approach should enable improved mixture preparation and leaner air-fuel ratios for potentially large reductions in HC emissions.
For full load operation, the cam profile and cam timing for best torque are selected.
MODELING AND SIMULATION
A modern four-valve, spark-ignited DOHC V6 engine was chosen for simulation of Two-Step EIVC in this investigation. The engine has highly tuned, and free breathing intake and exhaust systems, and features significant advanced technology including DualIndependent-Cam Phasing (DICP), dual-plenum Variable Intake Manifold (VIM), and low friction components.
An exhaust gas recirculation (EGR) system is not included. The geometric compression ratio is 10.3.
A full multicylinder engine model with complete intake and exhaust systems was used. This was necessary to capture tuning and gas exchange effects on dilution and engine efficiency as a function of cam profile and cam timing. A full multicylinder model was also necessary to simulate full-load engine performance. The complete engine model was validated using engine dynamometer data.
A potential benefit of Two-Step VVA systems is the reduction of valvetrain friction by operation at reduced valve lift. It is also possible to reduce the cost of Two-
Step valvetrain systems by selective use of "slider elements" in place of "roller elements", however, this may result in increased valvetrain friction. In order to comprehend the effects of valvetrain friction on brake thermal efficiency (BTE), analysis of simulation results was performed on a brake basis. This required that a detailed friction model of the valvetrain and engine be developed.
Simulation was performed using GT Power engine simulation software [55] that is commercially available from Gamma Technologies, Inc. A separate "front end" to the simulation was developed to enhance the simulation process using Microsoft Visual Basic for Applications (VBA) and Microsoft Excel. The "front end" provided the following benefits:
1.) Efficient processing of many simulations for a variety of valve lift profiles and timings over the operating map. Each of these parameters will be described below.
3.) Optimization of Results using a sorting procedure to determine the best valve profile and phasing when subject to constraints.
4.) Automatic plotting of simulation results.
A flow chart showing the overall simulation process is shown in Figure 13 . The following paragraphs briefly describe the additional calculations used in this study.
Net Pumping Work When using an EIVC strategy, the conventional definition of pumping work does not accurately reflect the reduction in actual pumping losses. This is because pumping work is "recovered" when the piston moves upward from BDC during early compression. Positive work is done by atmospheric pressure acting on the piston and is labeled "Area C" in Figure 14 . Net Pumping Mean Effective Pressure (NPMEP) and Net Gross Indicated Mean Effective Pressure (NGIMEP) were defined to represent the actual pumping work and indicated work for engines operating with EIVC. Clear definitions for these parameters are shown in Figure 14 for an extreme case of very low load where the pressure during expansion is below atmospheric pressure. NPMEP was computed by subtracting Area C from PMEP; and NGIMEP was computed by subtracting Area C from IMEP. Area C was computed in the "front end" using trapezoidal integration of PV data. However, the intake valves may still be open at BDC, and TR at BDC may not reflect the total integrated annular momentum flux in the cylinder. In order to approximate the TR prior to ignition at a single crank position, the TR at 90 CAD BTDC was computed. Tumble Ratio reported in this work did not include allowance for tumble decay.
Combustion Model A Wiebe function was used to model heat release in this study [58] . Based on measured durations for modern four-valve-per-cylinder engines, the 0-10 CAD burn duration and the 10-90 CAD burn duration were prescribed as a function of total charge dilution. These burn durations are shown in Figure 15 and are representative of a modern, fast burn combustion system. It was assumed that EIVC effects did not degrade combustion characteristics. However, as will be shown, operation at lower valve lifts may reduce incylinder mixture motion, and therefore some form of combustion enhancement may be required.
Ignition timing in the simulation was set such that the 50 percent mass burned point (CA50) occurred at 10 CAD ATDC. In order to facilitate idle speed control it is common practice to retard spark timing during engine idle to enable rapid engine torque variation by varying 
MPG & Emissions
Generate Engine Maps for various L, IVO. Includes idle and full-load Process Maps in Optimizer using practical constraints. Generate "Combined" engine maps for 2-Step EIVC Combustion Dilution Limits Interpretation of simulation results may be difficult without a consistent way of estimating combustion dilution limits. In a separate study, it was found that combustion dilution limits could be correlated with laminar flame speed (S L ) at ignition [56] . Using engine test data for modern four-valve spark-ignited engines, it was determined that S L of about 0.45 m/s conservatively indicated combustion dilution limits. In this study, the front end was used to compute laminar flame speeds [57] at ignition from simulation results for cylinder pressure, temperature, and dilution. All simulation results were constrained by combustion dilute limits using this method.
Engine Friction Model
The "front end" was also used to compute variations in engine friction as a function of valve lift profile and valvetrain design characteristics. To develop the friction model, bench tests were conducted on a cylinder head fitted with Type II roller and slider valvetrain components [59] . Valvetrain FMEP as a function of valve lift and engine speed is shown in Figure 16 . Brake Thermal Efficiency (BTE) as a function of IVO at fixed exhaust valve opening (EVO) for the range of valve profiles shown in Figure 4 is presented in Figure 17 . In general, as IVO was advanced for each profile, BTE increases up to some maximum. Both manifold absolute pressure (MAP) and dilution increase as IVO is advanced. Corresponding MAP and dilution data is shown in Figures 18 and 19 , respectively. For profiles with short durations of 112 and 132 CAD, the engine was completely unthrottled at relatively low IVO advance and the BTE maximum for these profiles was constrained by engine airflow requirements (airflow limited). Most of the increase in BTE was due to reduced pumping work that results from the EIVC effect. Net PMEP is shown in Figure 20 For profiles with longer durations of 152, 172, and 202 CAD, more lift area was available to satisfy airflow requirements while also requiring more IVO advance and more overlap (increased exhaust residuals) to achieve the BTE maximum. For these longer profiles, the BTE maximum was increased relative to the short duration profiles and corresponded to the dilution peak as IVO was advanced. Therefore, BTE for these longer profiles is "dilution limited". The remaining profiles with the longest durations of 222, 242, and 280 CAD had the greatest lift area and required the greatest IVO advance to achieve the BTE maximums. However, this produced very high residuals that exceeded combustion dilution limits. BTE for these longest profiles is "combustion limited". A white circle in the figures indicates the operating points for which the system is combustion limited. Of all the profiles, the 202 profile provided the largest BTE increase of 13.5 percent relative to the baseline. Most of this increase corresponds to the 85 percent reduction of Net PMEP as shown in Figure 20 . NPMEP was reduced to as low as 6 kPa at the IVO corresponding to best efficiency.
Net gross indicated thermal efficiency (NGITE) also improved somewhat, as shown in Figure 21 and accounted for about 2 percent of the 13.5 percent total improvement. NGITE increased due to both reduced heat losses (reduced cycle temperatures) and improved ratio of specific heats when dilution was increased. Simulation results showed that emissions of oxides of nitrogen were strongly dependent on both valve lift profile and IVO advance as shown in Figure 24 . BSNOx levels followed trends for charge dilution, with the lowest BSNOx corresponding to the highest dilution. For the 202 profile, BSNOx was reduced 83 percent relative to the baseline. Clearly, the shorter profiles, which could not attain high levels of dilution, carried a large BSNOx penalty. In conclusion, proper selection of both profile duration and IVO advance is necessary to maximize dilution levels to achieve the highest BTE and lowest BSNOx.
EIVC Effects on Mixture Motion
In-cylinder mixture motion is an important consideration for Two-Step EIVC systems and can significantly affect combustion quality and knock propensity in real systems. Tumble Index (TI) versus valve lift over diameter (L/D), as measured on a steady flow bench are shown in Figure 25 . This data shows that TI is substantially reduced for the low valve lifts used for Two-
Step EIVC strategies. Using the data of Figure 25 , the simulation was used to estimate the Tumble Ratio at 90 CAD BTDC. Results are shown in Figure 26 and show that TR decreases for LLC profiles as the timing of those profiles is advanced. This is because a greater portion of the total airflow is inducted at lower lifts as IVO is advanced. For the 202 profile at its peak BTE timing, TR is reduced about 63% relative to the baseline, yet this estimate of TR does not include tumble decay effects. In general, EIVC systems have more time available for tumble decay since induction is completed earlier in the cycle.
From inspection of estimated tumble levels, some compromise of combustion quality can be expected for operation on the LLC profiles. For low speed, light load operating conditions, this deterioration of combustion quality would reduce the estimates of BTE predicted in this study. Excessively low mixture motion (tumble) can also adversely affect knock limits at high loads. Consequently, to obtain the full fuel economy potential of EIVC systems, several methods to enhance combustion rates are listed below. These include: -Increased tumble at low lifts using a chamber mask [23, 27 ] -Increased swirl via valve deactivation, port deactivation, or differential valve lift and timing -Dual ignition Use of these methods will depend on powertrain requirements for respective powertrain applications.
SIMULATION RESULTS FOR THE DRIVE CYCLE
In this section, the fuel economy and emissions benefits for the drive cycle are addressed. Results are presented for a typical vehicle with representative vehicle load factors (VLF). Results are expected to vary somewhat depending on VLF. The vehicle used in the drive cycle analysis had the following attributes: Figure  27 . Results for DICP only and ICP only are also shown. The baseline for this analysis is a fixed-cam engine without EGR.
Results show that the fuel economy benefit of Two-Step EIVC with DICP is about 8 percent and is approximately invariant for LLC durations from 152 to 226. The constancy of fuel economy benefit with LLC duration results from a tradeoff between low-speed, light-load and medium-speed, medium-load operating conditions. The shorter duration profiles had the best fuel economy at the light loads and the longer duration profiles had the best fuel economy at the medium loads. For durations less than 152, engine airflow requirements could not be satisfied on the LLC for the higher speed-load operating conditions during the drive cycle, and the results reflect partial operation on the HLC. Step EIVC with DICP showed about 1 percent fuel economy benefit over Two-Step EIVC with ICP only. Most of this difference is attributed to reduced blowdown loss and increased dilution available with exhaust cam phasing (ECP). However, for light-load operating conditions, the ECP could be advanced which enabled increased IVO advance for reduced NPMEP (EIVC effect). Generally, addition of ECP reduced advance requirements for the intake cam phaser (ICP). Figure 27 also shows results for Two-Step EIVC without intake or exhaust cam phasing. For this system, the timing of IVO (fixed) was determined by conditions at idle. For short duration profiles (i.e. 152 CAD), significant efficiency improvement could be achieved. However, as will be shown below, NOx emissions for this system were high and an EGR valve would likely be required for NOx control. For longer duration profiles, IVO must be substantially retarded from peak efficiency values to avoid excessive dilution at idle. This greatly reduced the fuel economy benefit for the longer duration profiles.
Data showing the estimated fuel economy benefit from Three-Step EIVC with DICP, and Eight-Step EIVC with DICP are also shown in Figure 27 . The Three-Step system utilized the 152 and 226 duration profiles, while the Eight-Step system utilized all the valve lift profiles available in this study. Results indicate that the Three-
Step system and the Eight-Step system have comparable fuel economy benefit, and the additional benefit over Two-Step EIVC is only about 1 percent. This suggests that Two-Step can provide most of the benefit of continuously variable systems (using the same valve profiles) and that no more than three steps are needed to achieve nearly all of the fuel economy potential of EIVC systems. For DICP only and ICP only, as shown in Figure 27 the fuel economy benefit was about 2 percent relative to the baseline.
BSNOx Emissions
Simulation predictions for warmed-up BSNOx emissions on the drive cycle are shown in Figure 28 . These results correspond to the data in Figure 27 and represent NOx levels for EIVC systems optimized for best fuel economy. Somewhat lower NOx levels could be achieved if the system was optimized for minimum NOx. As shown in Figure 28 valve lift profiles with longer duration provide greater NOx reduction than do shorter profiles. This is because more valve overlap and more dilution were available at the medium to high load points in the drive cycle where most of the mass NOx emissions are generated. Addition of ECP greatly improved NOx emissions for the same reason. For Two-
Step EIVC with DICP and a profile duration of 188 CAD, BSNOx was reduced about 62 percent relative to the baseline. This NOx level was still about 21 percent higher than for DICP only. For the shortest profiles of 132 and 152 CAD, to meet airflow requirements, the engine was operated on the HLC for some of the high load operating conditions, and this helped reduce NOx emissions. Figure 28 
Realizing Benefits in Practical Systems
Achievement of the fuel economy and NOx emissions benefits using Two-Step EIVC on practical engines depends on the combustion system and ICP system characteristics. As already stated, mixture motion enhancements may be needed to achieve full fuel economy potential of EIVC systems. For the ICP system, increased phasing authority and increased phasing rate may be required depending on duration of the LLC profile. Also, for any engine application, ICP advance characteristics may be limited by valve-topiston interference and oil pressure characteristics of the engine's lubrication system. For the ECP system, phasing authority of 50 CAD should be adequate. In any case, realized benefits will be very application specific and will depend somewhat on vehicle load factors for each application. See the last section of this paper for additional discussion on this topic.
SIMULATION RESULTS AT FULL LOAD
Two-
Step EIVC systems may be tuned for increased specific output and dynamic range. Two-Step valvetrain alone does not enable increased peak power but Two-
Step valvetrain in combination with increased peak engine speed does [36, 41, 42 ].
In the current study, improved performance using Two-
Step at equal peak engine speed was investigated. The LLC profile may be optimized for improved fuel economy, while also potentially providing some improvement in low-speed BMEP (depending on the LLC profile). Independently, the HLC can be optimized for medium-speed BMEP and peak power with little or no compromise in fuel economy. In the course of this work, a "performance option" was created as an example of improved performance using a total system approach.
Effect of LLC Profile on Low-Speed BMEP The effect of LLC profile on full-load BMEP over the engine speed range is shown in Figure 29 . Results reflect full-load output for optimized IVO and EVO for each profile. The baseline in this comparison is the same engine with DICP only, as shown by the solid black line in the figure. Full-load BMEP for a fixed-cam version of the engine (no cam phasers) is shown by the dashed black line. A knock prediction model was not used in this simulation, and all cases were assumed to be "non-knock limited."
Results show that low-speed BMEP can be significantly improved by using longer LLC profiles. The profile with duration of 210 CAD provides about 6 percent BMEP increase at 2000 rpm, and falls below the baseline at 2000 rpm and above. The profile with duration of 226 CAD provides about 12 percent increase at 1200 rpm, and falls below the baseline at speeds above 2400 rpm.
Judging from the results for a profile duration of 234 CAD, without engine tuning changes, further improvements in low-speed BMEP will be difficult to achieve with any profile.
For the profiles with 188 and 172 durations, BMEP decreased up to 5 percent for speeds below 1200 rpm. For these profiles, the valvetrain would have to be switched to the HLC profile at about 1200 rpm to avoid more substantial reduction of full-load output. Referring to the fuel economy and NOx benefits reported in Figures 27 and 28 , it is apparent that there is a tradeoff among part-load fuel economy, part-load NOx emissions, and full-load low-speed output for the Two-
Step EIVC system. This will be further addressed in the section concerning system optimization.
Performance Option A version of the engine model was developed as a performance option for selected sport or luxury applications. For these applications, it was assumed that additional powertrain performance has more value than additional fuel economy benefit. Applications with higher peak engine speed were not the objective of the current work.
To create this performance engine model, a total system approach was elected. The following changes to the model were made:
1. The intake valve diameter was increased such that the ratio of valve diameter to cylinder bore was 0.354. For the HLC, a BMEP improvement of approximately 5 percent at medium speed was indicated. At rated maximum engine speed of 6500 rpm, a BMEP improvement of about 10 percent was indicated. Most of the benefit at medium and high speeds resulted from improved flow efficiency of the intake ports and valves.
For the HLC, a family of valve lift profiles with increased lift and duration were also investigated. However, simulation results indicated that, at maximum rated engine speed (6500 rpm), comparable peak power was obtained for the standard profile and the higher lift, longer duration profiles. Therefore, the output increase shown in Figures 30 and 31 cannot be attributed to the Two-Step valvetrain.
UNDERSTANDING SYSTEM OPTIMIZATION
A number of EIVC systems with varying system benefits, complexity, and system on-cost have been introduced in the previous sections. In this section, the systems are compared and discussed from a systems benefits and requirements perspective. Finally, some recommendations are made as to preferred system selections.
A comparison of the systems is presented in Figure 32 , where potential fuel economy benefit is plotted as a function of the estimated performance benefit. The baseline in the comparison is a fixed-cam engine without EGR. Beginning with the base Two-Step EIVC system for which no cam phaser is used, generally poor results are indicated with limited fuel economy benefit and no performance benefit. Addition of ICP to the system provides significant improvement in fuel economy over the non-phaser system, while also matching or exceeding the performance of ICP only. Further addition of ECP (Two-Step EIVC w/DICP) to the system appears to be a good value since it improves fuel economy, warm NOx emissions, and performance, with an expected improvement of cold starting characteristics. This system (Two-Step EIVC with DICP) achieves most of the benefit of the Eight-Step system and holds good promise for high volume production passenger car applications. The system with Three Steps and DICP, while more complex, shows further improvement in fuel economy and NOx emissions without any compromise of low-speed torque. Simulation results suggest that Three-Step EIVC with DICP achieves almost all of the benefits of Eight-Step. If sufficiently low cost, this system also holds good promise for engines with certain valvetrain types.
For sport and luxury applications, the Two-Step with DICP system, and the Three-Step with DICP system may be combined with the "Performance Option" (described earlier) for significant performance increases. This combination exhibits both high fuel economy and good performance. However, it is noted that the performance benefit, which results at equal peak engine speed, is not enabled by multi-step valvetrain.
Finally, the dashed line in Figure 32 shows that vehicle performance may be traded off for improved fuel economy. The upper point in the figure is not the result of simulation but rather derives from the rule of thumb that 1 percent improvement in fuel economy can be achieved by trading off about 5 percent in vehicle performance. Similarly, by downsizing (DSZ), vehicle performance may be maintained while improving fuel economy. The upper point in Figure 32 also reflects this approach.
To highlight some of the tradeoffs among LLC duration and system benefits for Two-Step EIVC with DICP, and to select preferred LLC durations, a compendium of results for EIVC systems with DICP is shown in Table 3 . System benefits are shown in columns 3, 4, and 5; while TR, the need for enhanced combustion, required ICP authority, and required ICP rate are shown in columns 6, 7, 8, and 9, respectively. Results for Three-Step, Eight-
Step, DICP only, and ICP only are also listed.
For Two-Step EIVC with DICP, system benefits depend strongly on LLC duration and there is a tradeoff among part-load fuel economy, part-load NOx emissions, and full-load low-speed output (Table 3 ). The duration with the best compromise may be 210 CAD that provides almost all of the fuel economy benefit, good NOx emissions, and about half of the available low-speed BMEP improvement. Referring to Table 3 , the TR for this duration is about half of that of the baseline HLC profile, and with a duration this long (210 CAD), the system is able to generate high levels of dilution. This implies that the system will be combustion limited over a greater portion of the light load operating range than systems with shorter duration profiles. This explains the greater need for enhanced combustion rates as shown in column 7 of the table. The required ICP authority is also higher for longer duration LLC profiles, as shown in column 8. The estimated required ICP rate for mode switching is shown in column 9 of the table. For the shortest duration LLC, a switch event will produce a large change in airflow, which must be accompanied by a relatively large change in throttle position and ICP position. Switching will also occur more frequently during the drive cycle. For the longer duration profiles, mode switching entails smaller changes in throttle the position and ICP position, and may require very few switch events on the drive cycle. Therefore, the challenges for successful mode switching, as faced by the engine management system (EMS) and vehicle calibrators, may possibly be significantly reduced.
For Three-Step EIVC with DICP, the results shown in Table 3 indicate that the tradeoff among fuel economy, NOx emissions, and low-speed torque is completely resolved. This system, with LLC duration of 152 CAD and a medium-lift cam (MLC) duration of 226 CAD, obtains all the available low-speed BMEP, while achieving comparable fuel economy and warm NOx emissions to the Eight-Step System. Importantly, the Three-Step system can also reduce requirements on the combustion system and ICP system, as projected in Table 3 . Overall, Three-Step EIVC with DICP remains a very attractive strategy for future passenger car applications.
SUMMARY AND CONCLUSIONS
A simulation study has been conducted to investigate the benefits of Two-Step EIVC and Three-Step EIVC strategies on spark-ignited engines. By combining these strategies with cam phasing, significantly improved fuel economy, NOx emissions, and low-speed BMEP has been demonstrated. These strategies reduce pumping losses and provide increased internal dilution (subject to combustion limits) for improved indicated thermal efficiency and reduced NOx emissions. While results are expected to be application dependent, the following conclusions may be made:
• Longer duration low-lift cam profiles of 210 to 226 CAD are preferred for high fuel economy, low NOx emissions, and increased low-speed BMEP. However, more advanced intake valve timing is needed compared to shorter duration profiles.
• Two-Step EIVC with DICP improves fuel economy about 8% relative to a fixed-cam baseline without EGR, or about 6% relative to the same engine with DICP alone. This system provides most of the fuel economy benefit and NOx reduction of a hypothetical Eight-Step EIVC system.
• Three-Step EIVC with Dual Independent Cam Phasing improves fuel economy about 9% relative to a fixed-cam baseline without EGR, or about 7% relative to the same engine with DICP alone. This system provides comparable fuel economy and NOx emissions to that of a hypothetical Eight-Step EIVC system.
• Low-speed engine volumetric efficiency was improved about 12% for low-lift cam duration of 234 CAD and about 6% for duration of 226 CAD. To achieve this potential BMEP improvement (subject to knock limitations), a small tradeoff with fuel economy was observed.
• Exhaust cam phasing improves fuel economy about 1% and reduces NOx emissions relative to Two-Step EIVC with intake cam phasing alone.
• Engine operation at reduced valve lift reduces incylinder tumble and may degrade combustion under dilution combustion conditions. Some form of combustion enhancement may be needed to achieve the full potential of EIVC systems.
• For Type II roller valve trains, operation at reduced valve lift reduces engine friction but the impact of this reduced friction on fuel economy is small.
Overall, both Two-Step EIVC with Cam Phasing and Three-Step EIVC with Cam Phasing hold good promise for high volume production applications on spark-ignited engines. 
